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The Fluidity of Egg Albumin 
In our earlier discussion (1) of the fluidity of solutions of the proteins of the 
blood, fluidity-concentration coefficients for the temperature of the body (37  °) 
were calculated on the assumption that the fluidity is a linear function of the 
volume concentration of the protein.  It was recognized that there might be 
exceptions to the  law  and  we  mentioned  the  possible  case  of  egg  albumin 
measured  by  Chick  and  Lubrznska  (2);  we  attempted,  by  the  use  of  the 
original data of Loeb (3) to prove that gelatin is not an exception to the law. 
We are now convinced that the heading of the original data was incorrect as 
"~/~o" and that "log T/no" is correct as given Later in Proteins and the theory 
of colloidal behavior.  Although gelatin is not important in itself to our study 
of the blood proteins, it was considered because of measurements over a  con- 
siderable  range  of both concentration and  temperature.  Since we  obtained 
surprisingly simple relations, which no longer hold, we desire now to reconsider 
gelatin along with egg albumin and a few others.  Since egg albumin is not an 
exception, it will be considered first. 
The fluidities of egg albumin given in Table I are for each concentration and 
temperature used by the authors  (2, p.  62); the fluidities of water used for 
converting relative viscosities to rhes are the values of Bingham and Jackson (4). 
Since the temperatures are not the same for all of the concentrations, the data 
are  not  easily  comparablei  We  have,  however,  fitted  the  hyperbolic  for- 
mula (5) 
T = A(~, + D) -- B/(~ + D) + C  (1) 
to the fluidity-temperature data, A, B, C, and D being arbitrary constants and 
T  the  temperature  Centigrade.  The values of these  constants are given in 
Table II.  With this equation and the appropriate constants, the values of the 
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fluidity in rhes have been computed for each 5 ° from 0-40  ° and these are given 
in Table III.  These "observed" values are plotted in Fig. 1. 
It would be difficult to draw smooth curves through all of the observed points 
and a  little consideration shows why that is or may be unnecessary.  In the 
TABLE  I 
Fluidity of Egg Albumin 
After Chick and Lubrznska (3). 
Protein per cent by  Temperature  Fluidity Pure 
weight  T  ~t 
7.04 
14.6 
20.1 
28.15 
2.8 
8.3 
15.2 
25.0 
32.3 
42.1 
2.8 
8.6 
14.7 
15.1 
25.0 
33.1 
42.9 
0 
8.0 
17.0 
25.4 
33.0 
41.6 
0.6 
7.8 
15.6 
25.4 
33.9 
41.9 
61.3 
72.8 
88.2 
111.9 
131.0 
158.5 
water  Fluidity protein 
~ob.. 
44.8 
53.5 
63.9 
82.3 
97.8 
121.0 
61.4 
73.4 
87.0 
87.9 
111.9 
133.2 
160.8 
55.8 
72.2 
92.4 
112.9 
132.9 
157.0 
57.0 
71.7 
89.1 
112.9 
135.4 
157.9 
28.4 
34.5 
41.6 
41.9 
54.8 
66.6 
82.9 
13.8 
18.6 
25.1 
31.5 
39.4 
48.0 
4.23 
5.91 
8.07 
11.28 
14.83 
18.09 
first place, the data for pure water do not appear  to lie on the extrapolated 
curves at either the highest or lowest temperatures, in spite of the fact that 
those data have been used in computing the fluidities of the solutions.  This 
is not peculiar to egg albumin but is a  disconcerting fact repeatedly observed 
in converting relative values to absolute.  The clue seems to be that the meas- 
urements were made with the Ostwald viscometer, in the use of which it is not 
customary to make any kinetic energy correction.  This is in spite of the fact EUGENE C.  BINGHAM  607 
that when calibrated with water, say at 25  °, the viscometer will not give values 
for other pure liquids, such as acetone and ether,  1 which are generally accepted; 
TABLE II 
Constants for Equation (1)for Water and Egg Albumin Solutions 
Protein solution  A  B  C  D  BID 
weight per cent 
0 
7.04 
14.6 
20.1 
28.15 
0.23275 
0.2754 
0.2426 
0.8478 
2.256 
8676.8 
3075.7 
7842 
346.2 
51.36 
35.17 
17.97 
55.17 
3.97 
4.52 
120 
36.86 
73.37 
4.20 
0.248 
72.3 
33.4 
106.8 
82.5 
210.4 
TABLE III 
The Fluiditios of Solutions of Egg Albumin (Crystallized) at Various Temperatures and 
Concentrations,  Both Observed and Calculated  by the Formula, ~, =  ~  -- flb 
0  1.967 
5  2.320 
10  2.697 
15  3.092 
20  3. 508 
25  3.945 
30  4.404 
35  4.880 
40  5.374 
@ 
q~  7.04  per cent 
41.1 
55.8  42.0 
47.8 
65.8  49.5 
55.2  76.5  57.5 
62.0 
87.7  65.9 
72.5 
99.5  74.8 
82.3 
111.9  84.1 
124.9  92.9 
93.9 
104.1 
138.4  104.0 
116.1 
152.4  114.6 
] 14.6per  cent  20.1 
25.7 
27.1 
30.4 
31.9 
36.0 
37.1 
41.8 
42.6 
48.0 
48.3 
54.8 
54.3 
61.9 
60.6 
69.6 
67.2 
77.8 
73.9 
pe~r  cent 
13.8 
16.3 
16.6 
19.2 
19.9 
22.3 
23.5 
25.6 
27.6 
29.0 
31.9 
32.6 
36.5 
36.4 
41.4 
40.3 
46.4 
44.4 
Remark 
Obs. 
Calc. 
Obs. 
Calc. 
Obs. 
Calc. 
Obs. 
Calc. 
Obs. 
Calc. 
Obs. 
Calc. 
Obs. 
Calc. 
Obs. 
Calc. 
Obs. 
Calc. 
Difference 
+6.7 
+5.7 
+4.3 
+3.3 
+0.4 
-0.0 
-2.0 
-3.8 
-5.3 
or even for water at temperatures differing considerably from  25 °,  the  tem- 
perature  of  calibration.  The  formula  usually  employed  for  the  Ostwald 
viscometer is, in effect 
~o -~ Copt  (2) 
1 Errors as great as 14 per cent have been noted. 608  RHEOLOGY  OF  BLOOD.  V 
instead of the more exact formula 
,7  =  Cpt  -  C' p/~  (3) 
where Co is the constant of the Ostwald viscometer in place of the more exact C, 
l 
lsoP, 
°o  I~ O/o w T.  ~  " 3'o 
FIG. 1.  Fluidity of solutions of egg albumin (crystalline)  at various concentrations 
and temperatures (after Chick and Lubrznska). 
and C ~ is the constant of the kinetic energy correction, p  is the pressure head, 
and t the time of flow of the liquid of density p. 
In calibration,  the viscosity of water at  25 °  of 0.894  centipoise  (cp.),  for 
example,[must be the same irrespective of the formula, hence (6) 
•.  Copt •.  Cpt -  C'p/t EUGENE  C.  BING~  609 
which gives the relation between the two constants Co and C to be 
c  -  co =  c'p/pt,  (4); 
but the relation holds true only at the temperature of 25  ° for water or for a 
temperature where the viscosity is the same for other liquids.  The error in 
viscosity (7  -- ~0) made by the use of the Ostwald formula is 
,1-  ,lo  -~  (C-  Co)pt-  C'o/t  (5) 
This means that  the viscosity as  calculated by the  Ostwald formula  is  too 
large above the temperature of calibrat{on and too small below it. 
The point here being considered is so important that it seems desirable to 
give a few illustrative data for water at 0 °, 25  °, and 40  °.  The value of C t (6) 
is 0.0446 V/L  where V is the volume of flow and L is the length of the capillary. 
Assuming a volume of 5 cm.  8 and a  length of 10 cm., C '  =  0.0223.  The per- 
centages of error with a pressure head of 10 gm. per cm.  2 are seen to be --3.5 per 
TABLE IV 
Illustrations  of tke Error in  Viscometry  Caused  by the Non-Employment of tke Kinetic Energy 
Correction 
Temperature  Time  of efl]ux  C p t  C'p/t  ,1  %  Error 
°C.  cp.  cp.  cp.  cp.  per cent 
0  95.6  1.81  0.02  1.79  1.72  --4 
25  47.8  0.94  0.05  0.89  0.89  0 
40  37.9  0.75  0.06  0.69  0. 705  -/-2 
cent at 0 ° and -}-2.4 per cent at 40  °.  The values of the time of effiux at 0 ° 
and 40  °  given in Table IV have been calculated by means of equation  (3). 
We therefore reach the conclusion that it would be unjustifiable to include the 
values of the fluidity of pure water in drawing the family of curves from the 
data available. 
Likewise, experience with the flow of suspensions (7)  shows that when the 
concentration is so great that the apparent fluidity approaches zero, the values 
are often unreliable.  It would naturally be supposed that the flow would be 
too small due to a  tendency to clog the capillary, but actually  the flow may 
be greater than expected.  The effect may be due to faulty drainage with a 
tendency to channeling, it may be due to agitation of the bath by the stirrer, 
or even in some cases to a settling effect.  Such effects might explain irregular 
results but regular effects of this sort are evidence of a  yield value in plastic 
flow (8).  We therefore are eliminating from our consideration, at least tem- 
porarily, all of the data for the 28.15 per cent mixture on the supposition that 
it may be plastic and that those data should be considered in a  different con- 
nection.  Using the three remaining concentrations, linear curves are drawn 
through the points for each temperature, when it is found that all of the iso- 610  R-H~OLOGY  OF  BLOOD.  V 
therms meet at approximately the same point on the concentration axis where 
the  fluidity  is  zero.  It  is  then  possible  to  represent  the  fluidities  on  any 
isotherm by the equation 
,t,  ffi  ~  -  Ob  (6) 
b is the weight; it is unnecessary for our purpose here to convert to volume 
concentration of albumin, a  is obviously the "calculated" value of water, and 
B is the lowering of the fluidity for each per cent of albumin at the particular 
temperature.  The values  of  these  constants  are  given  in  Table  V.  When 
,~  =  O,  b'  =  a/f3,  which is the calculated concentration at which plastic flow 
should begin and when viscous flow ends; the average value obtained is 28.36 
per cent, the value rising slightly with the temperature.  The value of ~  in- 
TABLE V 
The Constants  of Equation (2) and b'  =  a/O, for Egg Albumin 
T  ~  a  b' 
0 
5 
10 
15 
20 
25 
30 
35 
40 
2.073 
2. 359 
2.648 
2. 847 
3. 370 
3. 826 
4. 239 
4.719 
5. 237 
55.7 
64.4 
73.9 
82.0 
96.3 
109.2 
122.7 
137.4 
153.0 
26.8 
27.3 
27.9 
28.8 
28.6 
28.5 
28.9 
29.1 
29.2 
creases regularly with the temperature, being in fact '~l/b',  b'  being the con- 
centration where the fluidity becomes zero. 
It thus appears that the fluidity of egg albumin solutions at concentrations 
below about 20 per cent and at various temperatures can be calculated from 
the fluidity of water if we know/~.  The final form of equation (6) is 
•  =  o~  -  0b  (7) 
where ~1 is the fluidity of water and ~  =  '~l/b'.  Both the observed and the 
calculated values of the fluidity are given in Table III.  At temperatures below 
25 ° the observed values are all below the calculated values, the average per- 
centage differences appearing in the final column.  Beyond 25 ° all but one of 
the  observed values are  greater than the calculated values.  These facts are 
qualitatively in accordance with the argument put forward in connection with 
Table IV.  Without  the  exact  dimensions  of  the  viscometer an  attempt  to 
make the quantitative corrections is inadvisable, but further precise measure- 
ments would present several points of interest. EUGENE  C.  BINGHAM  611 
The Fluidity of Gelatin 
We are indebted to Dr. David L. Hitchcock, who assisted Dr. Loeb in the 
revision  of  Proteins  and  the  theory  of  colloidal behavior,  for very helpful 
information.  He  says,  "In  his  (Loeb's)  original  publication  [3],  f.  Gen. 
Physiol., 1922, 4, 84, the data were labelled n/7/0, but I believe that this was a 
misprint; they should have been marked log ~/~7o, as in his book."  He also 
pointed out that Dr. Kunitz assisted Dr. Loeb in making these measurements. 
In answer to our letter in reference to the matter, Dr. Kunitz makes the yery 
definite  statement,  "I  checked  Dr.  Loeb's  original  records  on  viscosity  of 
gelatin and found that the data for ~/~0  --  1 at 25°C. are correct as given in 
Table X_L, page  203,  of Loeb's Theory of colloidal behavior  (first edition). 
The heading 'log ~/n0' is OK for Table XLI, page 204, and hence the heading 
on page 84 of the original paper is wrong."  He appends  the further useful 
statement, "The data for the ordinates of Figs. 6, 11, 12 have been multiplied 
by 100 for convenience in plotting; something to that effect should have been 
stated on the figures." 
In view of the large number of proteins which have been found to follow 
the additive law, a~  =  a  -  ~b,  it is of importance to study a  case which is 
definitely exceptional.  Therefore we are justified in satisfying both ourselves 
and  our readers  that  gelatin is  such an exception and,  if possible why it  is 
exceptional.  It is quite clear that Loeb himself believed that the logarithms 
of the viscosity were additive, for he says on page 203, "The formula of Ar- 
rhenius leads to a fair agreement."  That formula may be written 
log n -  log nl -- kb  (8) 
or 
log •  -  log  &l  -  kb  (9) 
Using the values of Bingham and Jackson for the fluidity of pure water,  the 
logarithmic fluidities have been computed from the relation 
log  cI,  ---- log  cI,  i  --  log  7//nl 
These values are given in Tables VI to X, column 2, and they are plotted in 
Fig.  2.  The  logarithmic  fluidities at  35  °,  45  °,  and  60  °  of gelatin  certainly 
indicate a  linear relationship, except that:  (1) the value for 3 per cent at 60  ° 
is off, possibly a typographical error "0.3094"  for 0.3594; (2) the curves do not 
include the values of pure water; and (3) the values for 25  ° are not linear, the 
point for 3 per cent being entirely off the figure.  Constants have been deter- 
mined for the linear equation 
log  ,t,  =  a  --  ~b  (10) 
which are  given in  Table X.  The values of the fluidity calculated by this 
equation appear in the third column of Tables VI to X, with the percentage 612  RHEOLOGY  OF BLOOD.  V 
deviation in the fourth column.  The average deviation for the solutions above 
25  °  is a  little under 0.5 per cent. 
Not only are the curves above 25  °  nearly linear, they are nearly but not 
quite parallel.  The point of intersection of the curves is found by assuming 
TABLE VI 
Fluidity of Sdutions of Isodectri¢ Gdatin 
After Loeb. 
Log ~s  °  Log ~,s  ° 
Log @2s  °  calculated equa-  Deviation  ~s  °  calculated equa-  Concentration  observed  tion (10)  tion (11) 
~oI. per cent 
0.0 
0.25 
0.50 
1.0 
1.5 
2.0 
2.5 
3.0 
2.0489 
2.0114 
1.9697 
1.8807 
1.7724 
1.6788 
1.5798 
1.3548 
2.0511 
2.0092 
1.9672 
1.8832 
1.7993 
1.7153 
1.6313 
1.5474 
per c~t 
0.1 
-0.1 
-0.1 
0.1 
1.5 
2.2 
3.4 
14.2 
111.9 
102.6 
93.3 
76.0 
59.2 
47.7 
38.0 
22.6 
2.0489 
2.0073 
1.9697 
1. 8825 
1. 7993 
1.7161 
1.6329 
1.5497 
TABLE VII 
Fluidity of Solutions of Isodectric Gdatin 
After Loeb. 
Log ¢a6  °  Log ~o  I,  og ~° 
Concentration  observed equa-  calculated equa-  Deviation  ~o  calculated equa- 
tion (9)  tion (10)  tion (11) 
~oI. IJer  cent 
0.0 
0.25 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
(2.1412) 
2.1143 
2.0730 
1.9937 
1.9045 
1.8355 
1.7601 
1.6580 
1.5898 
1.5369 
2.1496 
2.1101 
2.0707 
1.9917 
1.9128 
1.8339 
1.7550 
1.6760 
1.5971 
1.5182 
~er CBnl 
+0.4 
--0.2 
--0.1 
-0.1 
+0.5 
--0.1 
-0.3 
-1.1 
+0.5 
-1.2 
141.2 
128.9 
118.3 
98.1 
81.8 
68.2 
56.9 
47.4 
39.5 
33.0 
2.1412 
2.1023 
2.0623 
1.9856 
1.9078 
1. 8300 
1. 7522 
1. 6744 
1. 5966 
1.5188 
that at the point of intersection log @35o =  log @450 =  log60, and solving equa- 
tion (10) for b.  From the average value of  --8.11 the corresponding fluidity 
was calculated to be 2553 rhes (log •  =  3.407).  From these values the  slope 
of  each  curve  can  be  calculated; thus for  example,  the  slope  of  the  curve 
at 35  ° is 
log cI, -- a  3.407  --  2.1496 
---  =  0.155 
b'  --8.11 EUGENE  C.  BINGHAM  613 
For 45 ° and 60  ° the corresponding values are -0.145 and -0.128~.  Assuming 
as a  first approximation that the slope ~ is linear over a  limited range of tem- 
perature, we have obtained 
fl ---  --0.1934 +  0.00108 t 
TABLE VIH 
Fluidity of Solutions of Isodectrir, Gdatin 
After Loeb. 
Log ~4s* calcu-  Log ~4s* 
Log O4s*  lated equation  Deviation  q'a* observed  calculated  Concentration  observed  (10)  ,  ~  equation (11) 
col. per cent 
0.0 
0.25 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
(2.2227) 
2.1921 
2.1545 
2.0877 
2.0092 
1.9431 
1.8715 
1.7818 
1.7176 
1.6567 
2. 2290 
2.1927 
2.1564 
2.0837 
2.0117 
1.9385 
1.8658 
1. 7932 
1. 7204 
1.6480 
pet cent 
+0.4 
0.0 
+0.1 
+0.2 
+o. 1 
-0.2 
-0.3 
+0.7 
+0.2 
-0.5 
169.4 
155.9 
143.3 
121.2 
102.7 
86.6 
73.4 
62.1 
52.5 
44.5 
2.2227 
2.1865 
2.1503 
2.0779 
2.0055 
1.9331 
1.8607 
1.7883 
1.7159 
1.6435 
Mter Loeb. 
TABLE IX 
Fluidity of Solutions of lsodearie Gdatin 
Concentration 
• ol. per cent 
0.0 
0.25 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
Log ,~'~* 
observed 
(2.3290) 
2.3054 
2.2786 
2.2360 
2. 1634 
2. 0940 
2. 0337 
[2.0196] 
1.8969 
1. 8076 
Log q'a0* 
calculated 
equation (10) 
2.3547 
2.3216 
2.2884 
2.2221 
2.1558 
2.0895 
2.0232 
2.9569 
1.8906 
1.8243 
Deviation 
per cen~ 
+1.1 
+0.7 
+0.5 
-0.7 
-0.4 
-0.2 
-0.5 
-3.1 
--0.3 
+0.7 
4~o  ° observed 
226.3 
209.7 
194.3 
166.7 
143.1 
122.8 
105.4 
90.3 
78.9 
66.6 
Log  cI,  e0 ° 
calculated 
equation (11) 
2.3290 
2.2969 
2.2648 
2.2005 
2.1362 
2.0720 
2.0078 
1.9435 
1.8792 
1.8150 
where t  is the temperature  Centigrade.  Equation  (10)  may now be written 
log •  ~-~  log ~1 -- (0.1934  -- 0.00108 t)b  (11). 
Using these  two constants and the known fluidities of water,  the calculated 
values of the fluidity of the solutions given in the final column of the  table 
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We  have  presented  evidence  that  the  fluidity-concentration coefficient  of 
the blood proteins  --d~/db  is a  constant; Loeb's conclusion and our analysis 
TABLE X 
The Values  o r the Constants a and ~ of Equation (10) for Isodectric  Gelatin 
Temperature  a  0  a/O 
25 
35 
45 
60 
2.0511 
2.1496 
2.2290 
2.3547 
0.1679 
0.1579 
0.1453 
0.1326 
12.2 
13.6 
15.4 
17.8 
If it is true that the fluidity curves of gelatin at different temperatures are to be conceived 
as meeting at zero fluidity, it is also interesting to note that assuming that the above loga- 
rithmic curve can be trusted, when log @ -~ 0  the fluidity of the solution must be unity. 
Thus the ratio a/fl given in Table X has interest, since it expresses the relation between the 
concentrations required for unit fluidity at the different temperatures.  This relation may 
be of value in testing the validity of the formula. 
2.5 
Conc 
1AO  1 
.%eT.atin 
S  o1~tt  ovtt 
3  4 
I~o. 2.  Logarithmic fluidity (Briggsian) of solutions of isoelectric gelatin at various 
concentrations and temperatures  (after Loeb). 
of the data indicate that it is variable in the case of gelatin. 
varies directly as the fluidity, we have 
-d~/db--  X~ 
On integration of thi~ equation 
ln~  ffi ln~l--  ~b 
whence 
or 
~  ~l  e  -;~b 
If this coefficient 
(12) 
(13) 
--Xb 
log ~/~1  =  ---  (14) 
2.303 EUGENE  C.  BINGHAM  615 
so  that  the  new  fluidity-concentration constant  k  can  be  obtained.  It  is 
instructive to note the great difference in the two types of protein, according 
to the above reasoning.  Egg albumin lowers the fluidity to zero at 28.4 per 
cent, hence each per cent lowers the fluidity by/~  --  1/28.4  --  3.5 per cent 
of the fluidity of the solvent, independent of the temperature.  In other words, 
at low concentrations, egg albumin behaves theologically like an inert finely 
divided suspension ~  the medium,  since it merely decreases the free volume 
of  the  medium  in  proportion  to  the  volume  present,  thereby  obeying  the 
Bachinskii law. 
If in the non-hydrating type of protein, ¢~ =  Ol/b', then the fuidity at any 
concentration b is 
•  =  o~  -  ~h/b'.b  (15) 
or 
'I'l-  ¢  b' 
¢1  b  (16) 
On the other hand, gelatin is strongly  lyophilic in that water actively swells 
it  and  at  least  partially  is  immobilized thereby, forming  "hydrates."  The 
number of molecules of water in these complexes is large in dilute solutions, 
but according to the exponential relation of equation (13) it becomes rapidly 
less as the concentration increases and the fluidity never reaches a  zero value 
as it does with egg albumin.  Thus a  1 per cent solution of gelatin lowers the 
fluidity of water 30 per cent but a  2 per cent solution lowers it not 60 but 
51 per cent.  These relations are  shown graphically in Fig.  3.  From equa- 
tion (14), we calculate the value of X to be --0.370 at 35 °, --0.336 at 45 °, and 
-0.298 at 60  ° corresponding to smaller hydration at the highest temperature. 
We have thus far no relation between/~ and X. 
Serum Albumin (Crystallized) 
On page  90 of our Paper III we gave two closely agreeing values of/~87, 
for horse  serum  albumin,  yet at  the  same  time  we  noted  that  Chick  and 
Lubrznska (2) have given values for the viscosity of crystallized horse serum 
at 25.4  ° which are exceptional, the fluidity-concentration not being linear.  By 
neglecting for the time being the three highest concentrations, we have, how- 
ever, found that the remaining data fit the following formula: 
¢  =  112.7 -  5.208 b 
The value of b' is 21.6 per cent and of/~8~o 6.8  to be compared with the values 
from the data of Fahey and Green of 6.61 and 6.26.  The observed and calcu- 
lated  values  are  given  in  Table  XI  and  Fig.  4.  The  average  percentage 
deviation of the first five solutions, including pure water, is 0.5; nevertheless 
the exclusion of the three highest concentrations is unjustifiable without sound 616  RBTROLOGY O:F  BLOOD.  V 
reason since the  discarded  data may be the most significant.  This suggests 
at once an investigation to determine whether in this case, and others like it, 
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FIo. 3.  Comparison of the types of curve exhibited by gelatin and albumin.  Values 
calculated by the logarithmic and linear formulas respectively.  It is also noted that 
the concentration of the albumin is in weight per cent.  This does not affect the shape 
of the curve but it does affect the constant ~az°. 
TABLE XI 
The Fluidity of Sdutions of Serum Albumin (Crystallized) at 25.4°C. 
After Chick and Lubrznska. 
The calculated values are obtained by the use of the formula ¢I, --- (I,1 -- B b. 
Protgin per cent  Relative  viscosity  Fluidity  observed  Fluidity  calculated  ,l~c -- q'o 
1~ weight b  ,I/'1o  ~o  q'~ 
0.00 
2.59 
5.19 
10.45 
14.54 
17.85" 
19.24" 
20.65* 
1.00 
1.13 
1.32 
1.95 
3.02 
4.76 
5.95 
7.54 
112.9 
99.4 
85.6 
57.9 
37.4 
23.7 
19.0 
15.0 
112.7 
99.2 
85.7 
58.3 
37.0 
19.8 
12.5 
5.2 
--0.2 
--0.2 
+0.1 
+0.4 
--0.4 
--3.9 
--6.5 
--9.8 
=  5.21, b' =  21.6 per cent, fl 8,o =  6.8. 
* These data were not used in calculating the constants of the equation. 
q~ -- q~0 =  A may be calculated by the equation A =  30.8  -- 1.95 b. 
The residuals, 
the  fluidity" is affected by  the  shearing  stress  used  to bring  about  the  shear. 
If it is, it will prove that a  portion of the shearing stress is used up in some new 
way, as in overcoming internal static friction, which is a  yield stress (8).  These EUGENE  C.  BINGIIA~  617 
problems connected with colloid solutions are accentuated when the concen- 
tration of colloid is high and the solubility of the colloid is low.  We will now 
consider briefly two examples from the work of Chick  (9) on pseudoglobulin 
and euglobulin. 
Pseudoglobulin and Euglobulin 
Albumin is soluble in water in all proportions and its fluidity is not greatly 
affected by salts like ammonium sulfate; pseudoglobulin can be dissolved in 
0  \ \\ 
.....  °"~'"° .... ~o-. 
o  b  zo 
FIG. 4.  Fluidity of solutions of serum albumin, pseudoglobulin,  and euglobulin. 
water but the fluidity of the solution is greatly affected by ammonium sulfate; 
however, the euglobulin was held in solution only by means of a  3.6 per cent 
solution of sodium chloride.  The data for these last are given in Tables XII 
and XIII.  In the case of serum albumin we observed that the linear fluidity- 
concentration formula could be applied up  to a  certain concentration after 
which it failed quite badly.  The same observation may be made in regard to 
pseudoglobulin, except that the concentration at which failure begins is pro- 
gressively lower, 17.85 in serum albumin, 10.04 in pseudoglobulin, and 8.86 per 
cent with euglohulin  (Fig. 4).  Since most of the observations were made at 618  RHEOLOGY  OF  BLOOD.  V 
higher  concentrations,  it may seem to the  reader rather fruitless to attempt 
to apply the linear equation over so limited a  range.  If, however, there is a 
change of r6gime of flow from say viscous to plastic, a  different formula may 
After Chick 
Protein per cent 
by weight b 
0.0 
3.61 
5.95 
8.32 
10.04 
11.82 
14.06" 
16.43" 
18.45" 
20.37* 
TABLE  XlI 
The Fluidity of Solutions  of Pseudoglobulin  (Horse) at 25°C. 
to). 
Relative viscosity 
,1/,7o 
1.00 
1.40 
1.85 
2.59 
3.43 
4.70 
8.05 
13.74 
23.31 
38.79 
Fluidity observed 
¢I,o 
111.9 
79.9 
60.5 
43.2 
32.6 
23.8 
13.9 
6.81 
4.80 
2.89 
Fluidity calculated 
,I,c 
110.8 
81.0 
61.6 
42.0 
27.8 
13.1 
--5.3 
--25.0 
--41.72 
--57.60 
--1.1 
+1.1 
+1.1 
--1.2 
--4.8 
-10.7 
-19.2 
-31.8 
-46.5 
-60.5 
=  8.54,  b' =  13.0 per cent, fl 87* --  11.1. 
* These data were not used in calculating the constants of the equation.  The residuals. 
~c  -  ~0  =  A, may be calculated by the equation h  =  76.9  --  6.72  b. 
TABLE  XIII 
The  Fluidity  of Solutions  of Euglobulin  in  3.6  Per  Cent  Sodium  Chloride  Solulion  at  25  ° 
pH 10  -~.s 
After Chick (9). 
Protein per  Relative  Fluidity  Fluidity 
cent by  viscosity  observed  calculated  (]De -- @0 
weight b  7t]~o  q'o  q'o 
0.0 
1.36 
6.58 
8.86* 
10,57" 
12.32" 
13.20" 
1.00 
1.19 
3.32 
6.23 
10.87 
20.56 
29.56 
111.3 
93.5 
33.5 
17.9 
10.2 
5.4 
3.8 
110.3 
94.5 
33.5 
16.6 
11.3 
5.9 
3.2 
--1.0 
1.0 
0.0 
--1.3 
1.1 
0.5 
--0.6 
Equation (20) 
Equation (22) 
* See text, page 621. 
be needed for each r6gime and  the linear formula may  be very  useful for pre- 
dicting the fluidities within each range.  If there is a  change of r6gime above a 
certain critical  concentration,  it  is  important  to  recognize  that  fact  clearly. 
Although the data may  be too scanty to permit us to attain  the certainty that 
we desire, we see no reason why additional data will not give proof for or against. EUGENE  C.  BINGHAM  619 
Plastic Flow 
In our review of the older work on the theology of the blood the effort has 
been made to avoid the discussion of plastic flow, but it is now necessary to 
introduce  some of the elementary conceptions.  Clerk Maxwell was the first 
to express clear ideas as to the nature of plastic flow in his Theory of heat in 
1862.  He said in part, "if the form of the body is found to be permanently 
TABLE XIV 
The  Fluidity  of Solutions  of Gelatin As Calculated from  the Linear  Fluidity-Concentration 
Equations (ZO),  (zl),  and (22) 
Fluidity 
Gelatin 
25 ° calc.  35  ° obs,  35 ° calc,  o13s. i45  ° calc.[60  °  obs.  60  °  calc. 
~ol. per cent 
0.0 
0.25 
0.50 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
25" obs.  25 
111.9  111.8 
102.7  102.8 
93.3  93.7 
76.0 
59.2 
47.7 
38.0 
22.6 
25  3~  35 
I  138.4  139.4 
1~  130.1  129.1 
118.3  118.8 
75.6  98.6  98.1 
59.2  80.3  78.6 
47.6  68.5  68.8! 
36.0  57.6  59.0i 
24.4  45.5  49.3[ 
--  38.9  39.6 
34.4  29.8 
45  ° cal____.~c. 4 ( 
67.0[  167.1  213A 
55.7[  155.6[ 202.( 
42.71  144.11 189A 
22.41  121.01 172.: 
.00.21  99.1 
87.71  87.5 
74.4[  75.9 
60.5t  64.3 
52.21  52.7 
45.41  41.2 
213.3 
202.0 
189.9 
172.2 
145.7 
213.0 
202.3 
191.7  Equation 
170.4  20 
149.2 
124.2  122.5 
108.0  108.0  Equation 
93.21  93.5 
78.9  79.0  22 
64.2  64.5 
Percentage deviation 
Equation 20  0.3  0.8  0.3  0.8 
Equation 22  2.2  4.4  4.4  0.6 
altered when the stress exceeds a  certain stress,  the body is said to be soft or 
plastic and the state of the body when the alteration is just going to take place 
is called the limit of perfect elasticity."  (The italics are ours.)  Maxwell did 
not himself attempt to formulate his ideas of plastic flow but due to his sug- 
gestion the attempt was made by Butcher  (10)  in 1876.  In 1890, Schwedoff 
(11)  studied  the phenomena of flow of colloids and published a  paper under 
the title Experimental studies on the cohesion of liquids.  This title and the 
omission of any word suggesting plastic flow in his papers tended to prevent 
early recognition of the fact that he first formulated the fundamental law of 
plastic flow and at the same time obtained its experimental verification.  It is 
of course only natural that a physical property should be well established before 
it is christened, so also in the fundamental paper of Poiseuille establishing the 620  RIi~OLOGY OF BLOOD.  V 
nature of viscous flow the word viscosity is not mentioned.  The formulation of 
Schwedoff in our own nomenclature is 
=  ~,(F -- f)r  (n) 
where v is the velocity in centimeters per second given to either of two parallel 
planes, separated from each other by the distance r, by a  shearing stress of F 
dynes per cm3, f  being the yield stress and/, the mobility.  The mobility has 
the same dimensions as the fluidity but the name seems necessary to distinguish 
it from the commonly used quantity which should be always referred to as 
"apparent fluidity," and is not a constant at all but varies with the shearing 
stress.  The yield stress was first called by Bingham the internal friction and 
later the yield value. 
When solid spheres  of equal radii are  suspended in a  viscous liquid, the 
fluidity is decreased and reaches a  zero value when the percentage of liquid 
may have a very considerable value.  In tetrahedral close packing the volume 
of liquid in the pore spaces is 1 --  3x/2 which is equivalent to 26 per cent of 
the unit volume, but in that form of close packing the shear would not be 
possible without dilation or the shearing of the particles themselves.  That 
interlocking would cease with cubical close packing when the pore space would 
,r  be 1 -  ~ or 47.6 per cent, at least enough to permit shearing, but a yield value 
might occur locally when the pore space is much greater than 50 per cent. 
Emulsions differ rheologically from suspensions in that shearing is not out 
of the question when the percentage of the disperse phase rises above 74 per 
cent by volume because the drops of liquid are capable of being sheared and 
there would be an indication of a change of r6gime as the concentration reached 
the concentration where the spherical drops would just touch each other and 
fill the entire space; i.e., 52 per cent by volume.  Equation (15) for suspensions 
shows that the lowering of the fluidity by solid particles is quite what one might 
expect from the law of Bachinskii 
+  =  A(V-  n)  (18) 
where D is the limiting volume, V the observed molecular volume, and V -- 
is known as the free volume.  In suspensions it may also be said that the fluidity 
is proportional to the free volume, if we assume that the liquid in the pore 
spaces at close packing is all bound.  For the ideal suspension of equal spheres, 
there appear the following simple laws.  (1) The fluidity of the suspension will 
be  independent  of the  shearing stress  in  dilute  suspensions only.  (2)  The 
fluidity will be independent of the radius of the particle within wide limits, 
but Brownian movement should be negligible and the particles must be small EUGENE  C. BINGHAM:  621 
compared with the capillary diameters of the viscometer.  (3) If the particles 
of the ideal suspension were inert, i.e.  without interaction upon each other, 
the fluidity concentration curves would be linear and the concentration of zero 
fluidity would be independent of the substance.  (4) The fluidityofasuspension 
is therefore completely determined in the viscous rSgime  by a  knowledge of 
the fluidity of the continuous phase at the temperature of observation and of 
the concentration of zero fluidity.  Perhaps it goes without saying that these 
laws  do not apply to  polar  substances,  to  suspensions at  different pH,  to 
particles which are not spherical and, especially of interest to us now, not to 
emulsions.  For emulsions it is necessary to take into account the fluidity of 
the disperse phase. 
As a  first approximation, we shall assume that the more viscous phase  fol- 
lows a law exactly similar to the more fluid phase, the fluidity of the former being 
and that of the latter 
b' 
~p-- ~,-  ~  a  (2o) 
Since fluidities are additive, the fluidity of the mixture @° is 
~  (.1) @,  (21)  --®,+~-~-  g-~  b 
where a" =  1 -- b", the concentration of the more viscous phase at which the 
fluidity is zero.  Fluidity cannot have a negative value and therefore the above 
equation represents three straight lines. 
Returning to the discussion of pseudoglobulin and euglobulin solutions, we 
point  out that  Chick  (9)  p.  270 ft.  made much of the  two-phase relation. 
Hatschek  (12)  had  already observed  the  rapid  increase  in  viscosity which 
occurs in an emulsion of oil in water when the disperse phase occupies more 
than half of the volume.  Chick noted that as the concentration of protein 
was increased, the volume occupied by 1 gm. of protein at first increased and 
then became constant, which coincides closely with what we are describing as 
a  change  in  r6gime  of flow.  Those  observations yielding constant  specific 
volumes, we have starred.  Chick gives the volume of water associated with 
1 gin. of protein at 25 ° to be, as follows: serum albumin 2.09,  pseudoglobulin 
3.78,  euglobulin 5.81,  and sodium caseinogenate 8.63.  Since this water thus 
associated with the proteins is bound and therefore partially immobilized, these 
values should be closely related to our fluidity-concentration coefficients. 622  RI-ZEOLOGY O~' BLOOD.  V 
Gdatin Solution As a Two-Phase System 
Gelatin is the only protein to which we have been able to apply the logarith- 
mic formula of Arrhenius but even in that case the log curves cannot be extra- 
polated from even so dilute a  solution as 0.25 per cent (Fig. 2); at 60  ° the 0.25 
and 0.50 per cent solutions seem to fall not on a  straight line but on a  smooth 
curve to include the pure solvent.  A more serious matter may be the lack  of 
linearity in the log curve at 25  ° above the 1 per cent solution.  The logarithmic 
formula is cdnvenient to use, but the question arises as to whether it is reliable 
and can be used beyond the observed range, as in Fig. 3, and still correspond to 
reality.  The  logarithmic  formula  certainly  does  not  suggest  any change  of 
r6gime when the swollen particles are close packed.  We are therefore justified 
TABLE XV 
Constants for Equations (20), (21), and (22)for Gdatin 
Temperature  Equation (20) b'v  Equation (22)  Equation (21) 
°(7. 
25 
35 
45 
6O 
Serum albumin 
Pseudoglobu- 
lin 
Euglobulin 
Sodium casein- 
ogenate 
111.81  3.Or 
139.4  3.3] 
167.1  3.62 
213.0  5.0( 
113.0  5.29  21.3 
111.3  8.54  / 13.0 
110.3  11.7  9.4 
104.5  16.4  6.4 
94.0 
07.8 
33.8 
80.5 
Ibl  00.2  84.4 
23.2 
44.0 
41.3 
ap  ~v  b'~ 
!3.2  --17.81--13.11  1.36 
.9.5  --31.61--21.8[  1.45 
!3.2  --33.1--22.8]  1.45 
19.0  ....  --32.5--13.51  2.40 
4.21  23.8 
5.07  16.6  ] 
1.00  23.2  ] 
3.09  14.2 
3.89  13.6 
b'e  ~v  b'~ 
4.05  --13.1  1.36 
5.53  1--21.~  1.45 
5.78  --22.[  1.45 
6.21  --13.~  2.40 
46.8 
42.7 
39.7 
28.8 
6.8 
11.1 
15.3 
22.6 
in trying formula (21) to preserve the linear fluidity-concentration relationship 
which seems to be so general at low concentrations.  See Table XIV. 
We find that the fluidity-concentration curves of gelatin are all linear within 
experimental error up to 1.5 per cent, and this is nearly one-half of the available 
range.  The constants for the equation 
(I)l  o~ -- o~ -  ~; b  (22) 
~x and -~- are given in Table XV for each temperature.  The fluidities calcu- 
lated for concentrations higher than 1.5 per cent are much too low, the above 
formula applying to an emulsion in which the particles of the disperse  phase 
are  not  appreciably  deformed.  When  the  drops  are  crowded together  their EUGE~  C.  :BIlqGHAM  623 
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FzG. 3.  Fluidity of solutions  of isoelectric  gelatin at various concentrations and 
temperatures, showing  the use of differentiation of the viscous and plastic r6gimes 
with the use of formulas (20),  (21), and (22).  The disperse  phase contributes %  to 
the fluidity in the viscous r~gime ~°, giving the fluidity in the plastic r6gime to be ~,. 
deformation contributes a  certain amount  to the fluidity ~.  If the fluidity 
of the emulsion %  is the result of the summation of the two deformations, then 
%  =  ~  -4- ~v and 
%  =  ~, +  ~  a  (23) 
where a  is the fraction of the continuous phase and a" is the particular value 
of a  =  1 -- b where the fluidity is zero; the q% curves are indicated by dashes 
in  Fig.  5.  The q% curve  is the  best one  to  fit  the  fluidity  data  above the 
change of r~gime, the equation being 
~2~b  --  a'---; --  \b-;  --  a-~/  (24) 624  R.tt~OLOGY  OF BLOOD.  V 
This study suggests that a yield value may appear in gelatin solutions at about 
1.5 per cent concentration at 25  °, 35 °, and 45  ° but at 60  ° perhaps over 2 per 
cent.  This can be easily verified, if true, preferably by using two or more 
shearing stresses in determining each point.  In passing,  it is suggested that 
the contribution of the disperse phase to the fluidity may find an important 
application in blood where the erythrocytes are numerous, readily deformable, 
and large in comparison with the diameter of the capillaries. 
The above method of handling the data for gelatin is seen to possess several 
advantages  in  addition.  The ~  curves extrapolate to  include pure water. 
The data at 25  ° appear to be quite regular and in line with the data at other 
temperatures.  The slopes of the ~, and ~0 curves are most nearly equal at 60  ° 
indicating that  the  gelatin  solution is approaching the  condition of a  truly 
viscous liquid. 
TABLE  XVI 
The Fluidity of Sodium Caseinogenate Solutions  9.39 Per Cent at 25°C. 
After Chick and Martin. 
Protein per  Relative  Fluidity  Fluidity 
cent by weight  viscosity  observed  calculated  Deviation 
0.0 
2.17 
4.35 
6.05 
7.06 
8.49 
9.39 
1.0 
1.82 
3.37 
6.12 
8.48 
13.66 
23.72 
111.9 
61.5 
33.2 
18.3 
13.2 
8.19 
4.72 
104.5 
68.9 
33.2 
17.7 
13.7 
8.21 
4.71 
--7.4 
+7.4 
0.0 
-0.6 
+0.5 
0.0 
0.0 
Equation (20) 
Equation (22) 
Finally, sodium caseinogenate has been included in this study using the data 
of Chick and Martin  (13)  given in Table XVI,  Fig.  6.  Again we find the 
higher concentrations to lie on a straight line, ~, =  41.3 -- 3.89 b, the average 
error being less than 2 per cent.  There are only two observations and pure 
water to determine the ~'~ curve and they are not enough. 
CONCLUSIONS 
A  study has been made of those proteins which might offer exceptions to 
the law that the fluidity of a protein solution is a linear function of the volume 
concentration; v/z., egg albumin,  serum albumin, pseudoglobulin, euglobulin, 
gelatin, and sodium caseinogenate. 
Solutions of egg albumin below 20 per cent by weight obey the above law 
but somewhat below 30 per cent the fluidities begin to be too high, Presumably 
due to the contribution to the fluidity made bythe deformation of the particles 
as they come into contact, as the fluidity approaches zero. EUGENE  C.  BII~TG]~AM  625 
The fluidity of serum  albumin  solutions  shows  a  similar behavior,  being 
exceptional above 15 per cent in weight.  Pseudoglobulin and euglobulin give 
fluidity-concentration curves (Fig. 4) which are linear up to about 2.5 per cent 
each in a  total range of 20 and 14 per cent respectively.  From this singular 
point both compounds show a second range which is linear.  Pseudoglobulin is 
the only substance whose solutions seem to show a  third linear range.  We 
have also used the data of Chick and Martin for sodium caseinogenate and 
found evidence for two linear r6gimes. 
It is desirable at this time to call attention to the measurements of the flow 
of glycogen solutions by Botazzi and  d'Errico  (14)  which  in  Fluidity  and 
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FIG. 6.  The fluidity of solutions of sodium caseinogenate at 25  °.  The fluidity of 
pure water is indicated by a small circle but the extrapolation of the curve to 0.0 per 
cent suggests a N/2 solution of sodium hydroxide. 
plasticity, page 207, are expressed in rhes.  The data show two linear fluidity 
curves of different slopes.  In this case it was definitely known that the data 
for each curve were measured with different viscometers which suggested the 
possibility of an  error in viscometry entering  in  to confuse the  issue.  We 
have no suspicions as to the reliability of the data studied in this paper; we 
only wish to caution the readers that our hypotheses based on these data must 
be regarded with due reserve until confirmed. 
We have found a formula (11) based on the supposed linear relation between 
logarithmic fluidities and concentration which is convenient to use within the 
range, but close examination reveals that it does not reproduce the data for 
the higher concentrations at 25 ° nor does it permit extrapolation to pure water 
It is not realistic enough because it does not contemplate any change of r~gime 626  IIIIEOLOGY OF BLOOD.  V 
in going from viscous to non-Newtonian or plastic flow.  The formula does not 
apply to any other of the proteins studied in this paper nor to the great majority 
of proteins already reported as following the  linear law.  These are  serious 
objections.  We have therefore offered as an alternative a simple formula (24) 
according to which the fluidities are additive in the viscous r6gime.  When 
the  emulsoid particles approach  close packing,  they are  deformed and  this 
deformation contributes  to  the  flow and  the  fluidity volume concentration 
curve is again linear.  In fact, there may be one or more additional changes 
•f  r6gime. 
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